Members of the Alphavirus genus are arboviruses that alternate replication in mosquitoes and vertebrate hosts. In vertebrate cells, the alphavirus resists the activation of antiviral RNA-activated protein kinase (PKR) by the presence of a prominent RNA structure (downstream loop [DLP]) located in viral 26S transcripts, which allows an eIF2-independent translation initiation of these mRNAs. This article shows that DLP structure is essential for replication of Sindbis virus (SINV) in vertebrate cell lines and animals but is dispensable for replication in insect cells, where no ortholog of the vertebrate PKR gene has been found. Sequence comparisons and structural RNA analysis revealed the evolutionary conservation of DLP in SINV and predicted the existence of equivalent DLP structures in many members of the Alphavirus genus. A mutant SINV lacking the DLP structure evolved in murine cells to recover a wild-type phenotype by creating an alternative structure in the RNA that restored the translational independence for eIF2. Genetic, phylogenetic, and biochemical data presented here support an evolutionary scenario for the natural history of alphaviruses, in which the acquisition of DLP structure in their mRNAs probably allowed the colonization of vertebrate host and the consequent geographic expansion of some of these viruses worldwide.
T he natural cycle of many viruses involves replication in more than one host species. Arthropod-borne viruses (arboviruses) are examples of broad-host-range viruses that can alternate replication in insects (the primary vector) and many vertebrate hosts, including humans. This versatility reflects the notable adaptation capability of these viruses for replicating in evolutionarily distant hosts with remarkable genetic differences (7, 13, 47, 57) . Assuming that arthropods were the primitive hosts of the arboviruses, the further colonization of vertebrates hosts had to involve an enormous challenge to these viruses by the presence of innate and adaptive (immune) antiviral responses. Although insects are endowed with a small interfering RNA (siRNA) interference-based defense mechanism that can attenuate virus replication (22, 31, 45) , protective responses against viruses generally require a more complex coordinated action of both innate and adaptive systems that are present only in vertebrates (4, 9, 25, 36) . Thus, the secretion of interferons (IFNs) and other proinflammatory cytokines greatly influences the outcome of virus replication in animals, by limiting the virus tropism to specific tissues or by thwarting interspecies transmission in some cases (29, 55) . The double-stranded RNA (dsRNA)-activated protein kinase (PKR) (coded for by the EIK2AK2 or PKR gene) induced by interferon is an important component of this innate response against viruses and other pathogens (30, 36, 44) . As soon as dsRNA molecules accumulate in the cell as a consequence of virus replication, PKR is activated and phosphorylates translation initiation factor 2 (eIF2) in an attempt to block translation of viral mRNAs. Phosphorylation of eIF2 at S51 of its alpha subunit (eIF2␣) prevents the recycling of this factor, which is necessary for ongoing translation, causing a rapid halt in viral protein synthesis and virus multiplication (12, 23) . However, many viruses express proteins (or RNAs) that prevent PKR activation by allosteric inhibition or by acting as pseudosubstrates of the kinase (reviewed in reference 23). This intimate host-parasite coevolution has been recently illustrated by the fast evolution rate (and positive selection) experienced by the PKR gene during the last 50 million years of evolutionary divergence of primates, most probably driven by intense episodes of antagonist evolution with some viruses encoding proteins that act as inhibitors of the kinase (16, 17, 41, 60) .
Among arboviruses, the Alphavirus group shows one of the broadest host ranges known. Alphavirus is composed of seven antigenic groups, and members of this genus have been isolated from mosquitoes, birds, rodents, fish, pigs, bats, sheep, marsupials, horses, monkeys, and humans (39, 47, 57) . Moreover, the prototype alphavirus, Sindbis virus (SINV), is widely distributed in four of the six continents. Alphaviruses are maintained in natural cycles involving transmission by an arthropod vector (mainly mosquitoes from the Culex and Aedes genera) among susceptible vertebrate hosts. Replication of alphavirus in insect vectors is generally persistent, whereas in mammalian hosts, these viruses replicate producing an acute (and generally short duration) infection that is often associated with rash or encephalitis, depending on the virus species (34, 40, 47) . Contrary to what has been observed for most viruses, infection of murine cells with SINV or Semliki Forest virus (SFV) resulted in a strong activation of PKR, which leads a complete phosphorylation (and inactivation) of eIF2␣ (14, 54) . Viral 26S mRNAs that encode the structural proteins of SINV are efficiently translated under these conditions by means of a prominent cis-acting secondary structure in this mRNA that allows location of 40S ribosome on initiator AUG in the absence of eIF2 (50, 54) . This structure, called the downstream loop (DLP), is located 28 nucleotides (nt) downstream from the AUG in SINV 26S mRNA and in other members of the Alphavirus group (see below). Elimination of DLP resulted in a SINV mutant unable to replicate in normal murine fibroblasts but which replicated to wild-type (WT) levels in cells lacking the PKR gene (54) . An evolutionary interpretation of this result is that the DLP structure may have been acquired by some alphavirus in the past, during adaptation to vertebrate hosts. This article shows molecular evidence supporting this idea.
MATERIALS AND METHODS
Ethics statement. This study was carried out in strict accordance with the recommendations in Directive 86/609/EEC of the European Union on the protection of animals used for experimental and other scientific purposes (17a), and which was implemented by the Spanish Government under approval no. 1201/2005. The protocol was approved by the Committee on the Ethics of Animal Experiments of Universidad Autónoma de Madrid (permit no. CEI 20-419). All surgery was performed under isoflurane anesthesia, and all efforts were made to minimize suffering.
Cells, viruses, and animals. Mouse embryonic fibroblast (MEF) cells derived from wild-type and PKR o/o animals (61) were grown as described previously. Only low-passage-number stocks of MEFs and NIH 3T3 cells were used, given the tendency of these cells to undergo spontaneous transformation that leads to the loss of PKR response to infection. MEFs were prepared from 129sv mouse embryos at the E13 stage, whereas chicken embryo fibroblasts (CEFs) were prepared from 10-to 12-day-old chicken eggs according to standard procedures. All vertebrate cells were grown in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal or normal calf serum. H5 cells (from Trichoplusia ni eggs; Invitrogen) were grown in TC100 medium supplemented with 10% of fetal calf serum and gentamicin. C6/36 cells were grown in M3 medium supplemented with 10% fetal calf serum, gentamicin, antibiotics, and antimycotic. SINV (AR339 strain) and SFV were amplified in BHK21 cells and purified through a sucrose cushion as described previously (50) . The Aura virus (AURAV; strain BeAR 10315) was purchased from ATCC (catalog no. VR-368), amplified in BHK21 cells, and purified by polyethylene glycol 6000 (PEG 6000) precipitation (26) . The SINV ⌬DLP mutant was obtained after electroporation of BHK21 cells with viral RNA derived from the pT7-Toto1101 infectious clone as described previously (54) . The SINV expressing the enhanced green fluorescent protein (EGFP) mRNA from a duplicated subgenomic promoter was described previously (54) . Wild-type and Pkr knockout mice of strain 129Sv (2) were propagated according to standard methods.
Virus infections. Cultured cells growing in 24-well plates were inoculated with purified viruses at the indicated multiplicity of infection (MOI) in 0.3 ml of DMEM lacking serum. After 1 h of adsorption, the inoculum was replaced by a growth medium, and samples were analyzed at the indicated times for Western blotting or metabolic labeling with [
35 S]Met/Cys as described previously (54) . For replication studies, cells were infected with a low multiplicity of infection (0.1 to 1) and viral yields produced at 48 h postinfection were quantified by plaque assay on BHK21 cells as described previously (54) . For mouse infections, 10 7 PFU of virus was used to inoculate animals by the intranasal route under isoflurane anesthesia. At the times indicated, animals were sacrificed and brains were extracted for virus yield determination or immunofluorescence analysis using the anti-SINV capsid antisera as described previously (50) .
RNA structure analysis by SHAPE. In vitro-synthesized RNAs encompassing nt 35 to 250 of 26S mRNA from WT and ⌬DLP viruses and nt 35 to 273 from revertant virus were probed with N-methylisatoic anhydride (NMIA) as described previously (10, 59) . About 2 pmol of RNA was mixed with 2 pmol of VIC-labeled reverse primer (54) in 0.5ϫ Tris-EDTA (TE) buffer, heated at 95°C for 5 min, and then quenched on ice. Refolding buffer was added (100 mM Tris-HCl [pH 8.0], 100 mM KCl, 6 mM MgCl 2 ), and RNAs were incubated first at 37°C and then at room temperature (both for 30 min). NMIA was added to a final concentration of 13 mM and allowed to react for 45 min, and then RNAs were precipitated with isopropanol and reversed transcribed with Superscript III (Invitrogen) at 52°C. Products were analyzed by capillary electrophoresis, and data were processed using ShapeFinder (51) . Selective 2=-hydroxyl acylation analyzed by primer extension (SHAPE) data were used to constrain folding predictions with the RNA Vienna package and MC-Fold/MC-Sym pipeline (33 (46) . Sequences were aligned with MUSCLE and T-Coffee, gaps were removed, and variability was calculated by the Shannon entropy method (http://www.hiv.lanl.gov/content/sequence /ENTROPY/entropy.html). For capsid variability analysis, the following viral sequences were used, with the GenBank accession numbers shown: SINV, NC_001547. For phylogenetic analysis, the first 150 nt of 26S mRNA coding sequences that include DLP structures were aligned with the T-Coffee program by the MAGNOLIA webserver (18) , which incorporates the coding frame information of mRNA to guide sequence alignments. GTRϩIϩ⌫, HKYϩIϩ⌫, and TN93ϩIϩ⌫ substitution models were used according to MODELTEST prediction (37) . I also used amino acid sequences of capsid or from the entire structural polyprotein that were aligned with T-Coffee (32) . In this case, the JTTϩIϩ⌫ substitution model was used for evolutionary estimates. Phylogenetic analysis were performed with MEGA 5.0 (48) and Phylogeny.fr (11) .
Antibodies, immunoblotting, and immunofluorescence. The following antibodies were used: anti-PKR (Santa Cruz Biotech.), anti-eIF2␣ (Santa Cruz Biotech.), anti-phospho eIF2␣ (Invitrogen and Cell Signaling), and anti-SINV capsid (rabbit antisera). For immunoblotting, crude cell extracts made in sample buffer were separated by 12% acrylamide SDS-PAGE and transferred to nitrocellulose using a semidry apparatus (Bio-Rad). Membranes were incubated with primary and secondary antibodies conjugated to horseradish peroxidase (HRP) in phosphate-buff-ered saline (PBS) with 5% dry milk, and revealed by enhanced chemiluminescence (ECL) as described previously (54) . For immunofluorescence analysis, brains fixed in 4% paraformaldehyde were cryoprotected with 10% sucrose overnight (O/N) and frozen. Fifteen-micrometer slides were made in a cryostat, incubated with primary antibodies O/N at 4°C in a wet chamber, washed, incubated with secondary antibodies conjugated to Alexa Fluor 488, and mounted. Preparations were examined and photographed in a Leica confocal microscope.
Virus evolution. To force the reversion of the ⌬DLP mutant virus, we first prepared a ⌬DLP virus stock free of wild-type contamination. For this, the pT7-SV⌬DLP plasmid (54) was recloned three times by consecutive rounds of transformation in Escherichia coli, followed by colony isolation and plasmid purification. Then, SINV ⌬DLP RNA was synthesized in vitro and electroporated in BHK21 cells, which allowed replication of the mutant virus to a level comparable to that of the wild type. Two flasks of low-passage-number NIH 3T3 cells (about 2 ϫ 10 7 cells per flask) were infected with virus at an MOI of 0.1, and 5 days later, both intracellular and extracellular viruses were recovered, amplified in BHK21 cells, and titrated. This preparation was used to infect new flasks of NIH 3T3 cells as described above. Eleven passages were done. Viruses with large lysis plaques that arose from the 5th to 6th passage were isolated and amplified. Genomic RNAs from these biological clones were isolated and retrotranscribed with Superscript II reverse transcriptase (RT) (Invitrogene) using the primers SINV-6863 (GGTACTGGAGACGGATATCGC) and SINV-8101 (GATAGCACAGGGTGGTCGATGG). Amplified cDNA was sequenced, and the fragment encompassing the HpaI (position 6916) and PlmI (position 8066) sites was subcloned into the pT7-SINV⌬DLP plasmid. The resulting reconstituted revertant virus from this molecular clone was obtained as described above.
Proteomic analysis.
For N-terminal sequence determination of capsid proteins, about 10 8 cells were infected with revertant SINV at an MOI of 5 PFU/cell. After 8 h postinfection (hpi), the growth medium was washed out, and cells were incubated in medium lacking serum for 14 h. The medium then was recovered and clarified by centrifugation at 8,000 ϫ g for 35 min, and viral particles were precipitated with 9% PEG 6000 (Sigma) at 4°C O/N. After centrifugation, the sediment was resuspended in TNE buffer (50 mM Tris [pH 7.5], 140 mM NaCl, 5 mM EDTA) and spun in a 15 to 40% sucrose gradient (made in TNE) for 4 h at 35,000 rpm in an SW40 rotor (Beckman). Fractions 10 and 11 containing the viral particles were pooled and separated by SDS-PAGE, and gel slices containing capsid proteins were digested with trypsin and subjected to fingerprint analysis by matrix-assisted laser desorption ionization-tandem time of flight mass spectrometry (MALDI-TOF/TOF MS) as described previously (54) .
RESULTS

Differential responses of insect and vertebrate cells to SINV infection.
Among eIF2␣ kinases, PKR is only present in vertebrates, whereas other members of this family, such as GCN2 and PERK, have been found in all metazoans with available genomic sequence information (Fig. 1A) (12) . BLAST searching for homologs of the human PKR gene in Drosophila melanogaster and three mosquitoes species databases (Aedes aegypti, Culex pipiens, and Aedes gambiae) confirmed the absence of a PKR ortholog in insects. Since alphavirus can infect both invertebrate and vertebrate hosts, I compared the replication of SINV in insect cells (H5) and avian and murine fibroblasts (CEFs and MEFs, respectively) and the 35 S]Met/Cys for 30 min, and labeled proteins were analyzed by autoradiography as described in Materials and Methods (upper panels). Extracts were also analyzed by immunoblotting against phospho-eIF2␣, total eIF2␣, and PKR. Note that the insect eIF2␣ band migrated more slowly than the vertebrate eIF2␣ protein. In parallel experiments, H5 cells were treated for 2 h with 1 mM DTT and 10 M thapsigargin, two stressors that induced eIF2␣ phosphorylation by activating the endoplasmic reticulum-associated eIF2␣ kinase (PERK) (lower panel).
degree of eIF2 phosphorylation in response to infection in these cells. SINV efficiently replicated in invertebrate and vertebrate cells, although the types of infection established in these cells were dramatically different. Infection was highly cytopathic in CEF and NIH 3T3 cells, giving complete cell lysis at 48 hpi. At shorter times of infection, the synthesis of SINV structural proteins was apparent over a profound shutoff of host protein synthesis (Fig. 1B) . This correlated with a strong activation of PKR (mobility shift) and the subsequent eIF2␣ phosphorylation in vertebrate cells (Fig.  1B) . In contrast, infection of H5 cells was largely noncytopathic and the virus easily established a persistent infection in these cells, with continuous production of virus as described earlier for arthropod cell lines (34, 40 ). An equivalent result was obtained in the mosquito cell line C6/36 (data not shown). Neither inhibition of host translation nor eIF2␣ phosphorylation was observed in H5 cells upon infection with SINV, despite the massive synthesis of viral proteins detected in these cells (Fig. 1B) . This shows that insect cells lack of PKR-like activity, but they express other eIF2␣ kinases such as PERK that responded to endoplasmic reticulum (ER) stress as occurred in mammalian cells (Fig. 1B) (1) .
DLP structure of SINV 26S mRNA is essential for virus replication in vertebrate hosts. In previous reports, we found that a stable DLP structure of RNA located downstream from the initiation codon was necessary and sufficient to support eIF2-independent translation initiation of subgenomic (26S) mRNAs in SINV-infected 3T3 cells (50, 54) . To test the importance of DLP structure in virus replication, I used a SINV mutant in which the structure of DLP has been destroyed by 7 point mutations as described previously (54) . Replication of this mutant virus was drastically impaired in human cells (HeLa), mouse fibroblasts (MEFs and NIH 3T3 cells), and chicken fibroblasts (CEF), although it replicated at levels similar to those of wild-type virus in insect cells and in murine cells derived from Pkr knockout mice (PKR o/o ) ( Fig.  2A and B) . This result shows that DLP structure was only required for virus replication in cells that expressed the PKR gene and that responded to infection by phosphorylating eIF2␣. The replication capabilities of WT and ⌬DLP viruses in animals were also compared. SINV shows a remarkable neurotropism in mice, infecting groups of neurons in the cortex and the hippocampus as well motoneurons of the spinal cord (4, 8, 27) . Histological analysis revealed that whereas the WT virus replicated in large foci of neurons, replication of ⌬DLP virus was restricted to very few foci of individual neurons (Fig. 2C) . This result revealed a defect of the ⌬DLP mutant in tissue spreading.
To better understand the importance of DLP structure in alphavirus replication, I searched for equivalent structures in other members of the Alphavirus genus as described in Materials and Methods. All members of the SINV group except the Aura virus showed a very stable DLP structure of similar topology (Fig. 3B) . I also found stable DLP structures in SFV, Ross River (RRV), Getah virus (GETV), Middelburg virus (MIDV), Una virus (UNAV), and Bebaru virus (BEBV). Other members of the SFV clade, such as Mayaro virus (MAYV), showed a predictable DLP but of lower stability. However, I was unable to detect a stable DLP structure for O=nyong-nyong virus (ONNV), Chikungunya virus (CHIKV), Barmah Forest virus (BFV), Western equine encephalitis virus (WEEV), or Venezuelan equine encephalitis virus (VEEV) and for aquatic alphaviruses (SDV, SESV, and SPDV). Alphaviral DLPs can be grouped into two topological categories with no obvious sequence homology among them. Type A is com- o/o mice were infected with the indicated virus, and 4 days later, animals were sacrificed and virus yields in whole brains were titrated on BHK21 cells as described in Materials and Methods. This graph is similar to that published previously (14) , but now more animals per group (n ϭ 7) are included. Data are expressed as means Ϯ SD. Brains of some infected animals were cryosectioned and analyzed by immunofluorescence (IF) using an anti-SINV capsid antiserum as described in Materials and Methods. White dashed lines show the external border of cerebral cortex.
posed of a large spiral with some unpaired nucleotides (bulges or small internal loops; e.g., SINV), whereas for type B, the spiral is short and compact (e.g., SFV). In some cases, the first stem-loop (A or B) seems to be propped up by a second stem-loop located immediately downstream of the first one (e.g., SINV) ( Fig. 3B and  5D ). The distance (n) from the base of DLP to the initiator codon was also conserved, ranging from 28 to 31 nt. We have reported before that this distance allows the appropriate stalling of the 40S ribosome on the initiator AUG codon during the scanning process, thus obviating the participation of eIF2 (20, 21, 50, 54) . The only exception found was Aura virus, the most distant member of the SINV group, which shows a lower stable DLP located 18 nt downstream of the initiator codon (see below).
To get evidence for DLP selection during the evolutionary history of the SINV group of viruses, I analyzed the changes found in the first 400 nt of 26S mRNA among isolates, subtypes, and subspecies grouped as SINV and SINV-like viruses (except for Aura virus). A prominent degree of sequence conservation was found in the base-paired stretches of DLP, whereas substitutions tended to accumulate in bulges and in the loop (head) of DLP. Outside of DLP, substitutions were much more frequent, especially in the unstructured region of the 5= untranscribed region (5= UTR) located immediately before the AUG (Fig. 3C) . Clearly, DLP has remained virtually unchanged during the diversification of the SINV group of viruses, suggesting that it has been submitted to a purifying selection. Similar results were found among the closest related members of the SFV complex (see below).
Evolutionary patterns of DLP in Alphavirus. It has been suggested that evolution in arboviruses is constrained by host alternation among arthropods and vertebrates that impose fitness trade-offs (7, 52) . However, this scenario of apparent stability at present might have been different during the speciation, host range expansion, and geographic spreading experienced by the Alphavirus genus (39) . Furthermore, as the DLP structure is in the (54) . Data were scored as follows: highly variable positions (red) with H Ͼ 0.7 affected for Ͼ30% of genotypes, moderately variable positions (yellow) with 0.3 Ͻ H Ͻ 0.7 affected for 10 to 30% of genotypes, and low-variability positions (gray) with H Ͻ 0.3 affected for less than 10% of genotypes. Arrowheads show positions where insertion or deletion of few nucleotides in some variants was found (indels). The initiation codon is marked with an arrow. coding sequence of the capsid protein, changes in the RNA sequence that led to DLP appearance could have been constrained by the structural requirements of the capsid protein for virion stability and infectivity (Fig. 4A) . To find clues for such evolutionary events, an analysis of sequence variability in the capsid protein among alphaviruses was carried out. Maximal sequence variability among representative alphavirus capsid proteins was concentrated in the first 100 aa, whereas the C-terminal core involved in capsomer assembly (aa 114 to 264) showed a much higher degree of sequence conservation, as reported before (5, 47, 62) . The variability found in the N-terminal region of capsid protein also agrees with previous reports showing the tolerability of this region to insertions, deletions, or even partial replacements by heterologous sequences (35, 49) . Thus, the appearance of DLP structures in alphaviral 26S mRNAs was probably favored by an intrinsic flexibility of the N-terminal portion of the capsid protein to changes in the coding sequence that allowed RNA to fold in DLP structures without compromising the stability and the infectivity of virions (Fig. 4A) . However, once a DLP structure arose in the ancestor of a given branch of highly related alphavirus (e.g., an internal node in the phylogenetic tree), DLP and the corresponding amino acid sequence in the capsid protein should be further selected and conserved. This was found in the closest members of the SFV complex (Fig. 4B) . SFV, RRV, GETV, Sagiyama virus, BEBV, MIDV, and UNAV are related viruses in which the DLP is well conserved in sequence and structure so that the few changes found were concentrated in the loop (head) and in internal bulges of the DLP, similar to that found for SINV variants (Fig. 4B) . Notably, the region of capsid protein corresponding to the DLP structure also showed an absolute conservation at the amino acid level that contrasted with the variability that accumulated at the immediately adjacent regions, suggesting that once DLP was acquired, it was evolutionarily selected (Fig. 4B) . Interestingly, when the first 150 nt of capsid-coding sequences that include the DLP structures were used for phylogenetic analysis, MIDV, MAYV, UNAV, CHIKV, and ONNV were placed with greater confidence than when the entire capsid protein or partial E1 sequences (38, 39) were used (data not shown), suggesting that DLP structures could be used to reconstruct the phylogenetic relationships among alphaviruses.
Rapid evolution of SINV ⌬DLP in mouse cells that restored DLP activity. In an attempt to simulate in vitro the evolutionary acquisition of DLP, I forced mutant ⌬DLP virus to revert after serial passages in NIH 3T3 cells (15) . Some viruses with large lysis plaques arose at around the fifth passage, representing 1 to 5% of the total virus at this stage (Fig. 5A) . Further passages progressively increased viral yields and allowed the enrichment of preparations with large-lysis-plaque variants. First, I analyzed the synthesis of structural proteins in NIH 3T3 cells infected with the crude preparation of the virus from each passage. Interestingly, the synthesis of viral proteins increased from passages 6 to 7, although the capsid bands showed an altered electrophoretic mobility in SDS-PAGE (Fig. 5B) . Biological clones showing a largeplaque phenotype from passages 5, 7, and 11 were isolated, amplified, and sequenced. All revertants conserved the initial mutations of the parental ⌬DLP virus, but showed an in-frame insertion of 84 nt at position 7785 of genomic RNA (nt 188 of 26S mRNA) that resulted from a tandem duplication of the fragment encompassing nt 7701 to 7785 (Fig. 5C ). All biological clones from the revertants analyzed displayed an identical genotype, showing that they derived from a unique recombination event. To ensure that the 84-nt insertion alone was responsible for reversion of the parental ⌬DLP virus, I subcloned the fragment from positions 6916 to 8067 of revertants P5, P7, and P11 into the cDNA clone of the ⌬DLP virus. The resulting viruses showed identical phenotypic properties to parental revertant viruses (Fig. 5B) . The 84-nt insertion restored translation up to Ͻ60% of wild-type levels in NIH 3T3 cells and increased the size of the capsid band by 2 to 3 kDa after SDS-PAGE analysis. In fact, two capsid protein bands were visible in short exposure of the blots, the lower band being the most abundant in wild-type NIH 3T3 cells, whereas in PKR o/o cells, I found the opposite (Fig. 5B) . Proteomic analysis unambiguously showed that the upper and lower bands resulted from initiation at AUG 1 (i.e., the natural initiation codon) and AUG 3, respectively (data not shown). To understand better this change of codon usage in revertant virus, I probed and compared the RNA structures of the first 250 nt of 26S mRNA in revertant, ⌬DLP, and WT viruses by means of SHAPE (59) . Tandem duplication in revertant virus increased the stability of RNA structure mainly by the formation of a new Y-shape stem-loop located downstream of AUG 3 ( Fig. 5D and E) . The base of this structure showed a low reactivity in SHAPE experiments, suggesting a base-paired con- The first 350 nt of 26S mRNA are shown. Arrowheads mark the insertion of the 84-nt fragment that resulted from the tandem duplication of the RNA fragment (see the text for details). AUG 1 (#1) is the natural initiation codon AUG50, AUG 2 (#2) is AUG72, and AUG 3 (#3) is AUG107. Note that the revertant has a duplicated no. 3 AUG (termed 3=), which was used as an initiation codon at an extremely low rate. The seven A's labeled in boldface are the mutations introduced in the parental WT virus to destroy the DLP structure. (D) RNA secondary structure of ⌬DLP virus. MFE corresponds to nt 49 to 257 of 26S mRNA, although only the structure for the fragment from nt 49 to 173 is shown. Shape reactivity was scored as follows: ϩϩϩ, 50 to 100% of maximal; ϩϩ, 25 to 50% of maximal; ϩ, Ͻ25% of maximal. Noncolored bases show no reactivity. (E) RNA secondary structure of 49 to 257 nt of revertant virus 26S mRNA. Note the new stem-loop formed at 26 nt downstream of AUG 3. Nucleotides that resulted from the tandem duplication are in bold, and the arrowhead indicates the site of insertion. Shape reactivity was scored as indicated above.
formation of significant stability similar to that found in WT virus (Fig. 3C) . Interestingly, the base of this stem-loop is located ϳ26 nt from AUG 3, a distance that is compatible with a DLP activity on AUG 3 that explained the substantial level of translation of revertant virus in wild-type 3T3 cells. Moreover, alteration in initiation codon usage by disruption of DLP in SINV genome had been described previously (20, 21) .
Aura virus represents an isolated member of the SINV group with a suboptimal DLP structure. Aura virus (AURAV) is the only South American member of the SINV group and showed a DLP of lower stability than the rest of the SINV genotypes or subspecies (Fig. 3B) . RNA folding programs predicted the existence of a structure with three remarkable differences with respect to SINV DLP. (i) The stability of DLP was lower than in SINV, especially in the base of the spiral. (ii) The percentage of GϩC was only 60%. (iii) The distance from the AUG was 18 nt, which is substantially shorter than in SINV (28 nt). To test the activity of predicted DLP structure, I first obtained a preparation of AURAV by growing the BeAR 10315 strain in BHK21 cells as described earlier (42, 43) . Although AURAV grew in BHK21 cells, both the size of lysis plaques and the yields obtained were lower than those for SINV and SFV. Notably, no viral proteins were detected in NIH 3T3 cells or in CEFs infected with AURAV despite the fact that the virus induced a detectable shutoff of host protein synthesis in these cells (Fig. 6D) . In PKR o/o cells, however, prominent bands of AURAV structural proteins were detected (C and E1/E2) after [ 35 S]Met/Cys labeling. I also found that our antisera raised against the SINV capsid cross-reacted with AURAV capsid in the Western blot. Interestingly, the absence of AURAV protein synthesis in wild-type 3T3 cells and CEFs correlated with a substantial phosphorylation of eIF2␣ detected in these cells. No eIF2␣ phosphorylation was detected in PKR o/o cells or in BHK21 cells infected with AURAV, showing that 26S mRNA of this virus was unable to translate when eIF2 is inactivated by phosphorylation. For BHK21 cells, the result obtained agrees well with a recent finding of our group showing that some tumoral cell lines do not express enough levels of PKR for high-level eIF2 phosphorylation in response to virus infection (53) . As predicted from labeling experiments, replication of AURAV was very low in NIH 3T3 and CEF cells (Ͻ10 5 PFU/ml), whereas viral titers of 10 7 to 10 8 PFU/ml were obtained in PKR o/o or BHK21 cells. In insect cells, AURAV replicated at levels similar to SINV (Fig. 6B) . The replication of AURAV in wild-type and PKR o/o mice was also analyzed (Fig. 6C) . Very low viral yields were detected in wild-type mice infected with AURAV compared with SINV, whereas elimination of the PKR gene allowed a partial increase in replication (Ͻ1.5 log). Taken together, these results clearly show that AURAV is not adapted to replicate in mammals.
DISCUSSION
This article proposes a scenario for the evolutionary history of Alphavirus, showing how the adaptation to new vertebrate hosts probably involved the acquisition of a new structure in viral mRNA that conferred resistance to PKR activation, by allowing translation of viral 26S mRNA to be independent of eIF2 in vertebrate cells. Given the limited coding capacity of these RNA viruses, DLP structures in alphavirus probably arose as a simple solution (in genetic terms) to overcome PKR activation in vertebrate hosts. This idea was experimentally confirmed here by the observation that a SINV mutant lacking the DLP structure (⌬DLP) rapidly evolved, through recombination events, toward a variant that restored the activity of DLP in murine cells. In other families of viruses, however, a more sophisticated solution of higher genetic cost arose through the appearance of new products (RNA or proteins) or new domains in preexisting proteins that bind PKR in an inhibitory manner or that promote its degradation (23) .
The evolutionary model proposed here relies on two assumptions (Fig. 7) . First, insects were the primitive hosts of these viruses. Second, 26S mRNA of early alphavirus ancestors did not contain any DLP structure. Overall, the data presented here together with previous studies support this scenario (39, 47, 58) . Most phylogenetic evidence supports a New World origin of Alphavirus from an insect-borne plant virus ancestor that further diversified into three main lineages: the EEE virus/VEE virus/WEE virus, SFV/Middelburg virus/Barmah Forest virus/Ndumu virus, and SDV/SPDV complexes. Other possible scenarios, including a marine origin of Alphavirus, have recently been suggested using the entire viral genomes as the sources of the phylogenetic signal (19) . In any case, colonization of new hosts such as small mammals and birds probably allowed further evolution and transcontinental expansion and speciation of the SINV and SFV clades (39, 47, 56, 57) . Based on sequence, topology, and distance from the initiation AUG, DLP structures in the Alphavirus genus probably arose from at least three independent events in the SINV, SFV, and North America EEEV clades. Given that the most stable and conserved DLP structures were found in SINV and SFV, which are the alphaviruses with the widest geographic distribution, an exciting possibility is that DLP acquisition in these viruses allowed host switching events that promoted geographic dispersion of these viruses worldwide. This idea is supported by the finding that AURAV, the most distant member of the SINV group which is confined to discrete regions of South America, was unable to replicate in murine, avian, or human cells that express the PKR gene. The suboptimal DLP structure predicted for AURAV did not allow 26S mRNA to be translated in an eIF2-independent manner, restricting the replication of this virus to insect cells. In fact, AU-RAV was no longer detected in other organisms apart from mosquitoes (42; the Arbovirus database from CDC), so that its role as a human pathogen is controversial.
Although the results presented here support a New World origin for the Alphavirus genus and suggest that DLP structures can be used for tracking the evolutionary history of these viruses, the correlation among the presence of DLP structures, the replication in vertebrates, and geographic spreading was not perfect. RNA folding programs failed in predicting stable DLP structure in 26S mRNA of O=nyong-nyong virus (ONNV), Chikungunya virus (CHIKV), WEEV, and VEEE virus, all of which cause medically important outbreaks in humans or horses (56, 57) . Collectively, these discrepancies could have two possible explanations. (i) Rather than adapt their translation to eIF2 phosphorylation, ONNV, CHIKV, WEEV, and VEEE virus might have acquired an alternative mechanism to prevent PKR activation in infected cells.
(ii) DLP in these viruses could involve two nonadjacent (distant) RNA sequences that folding programs were unable to detect. Supporting the first is our recent finding that replication of the ⌬DLP virus can be rescued by coexpression of the vaccinia virus E3 protein (14) , a known inhibitor of PKR. Thus, although the appearance of DLP structures in some alphaviruses might have been an easy solution to overcome PKR activation in vertebrate hosts, it is theoretically possible that other mechanisms might have arisen in other alphaviruses with quasiequivalent results. On the other hand, the possibility that two nonadjacent RNA sequences folded to form a functional DLP in these viruses should not be rule out, given some previous reports showing the existence of bipartite regions in SINV RNA that activated GCN2 in infected cells (3) .
The recombination event that restored the function of DLP during the evolution of ⌬DLP virus in NIH 3T3 cells showed the flexibility of these viral genomes to acquire cis-acting RNA structures with important biological functions. Recombinations (sequence exchange and rearrangements) in RNA molecules are relatively frequent and biologically important events for evolution and diversity of RNA viruses (13, 24) . Thus, most alphaviruses, including SINV, show repeated sequence elements 40 to 60 nt in length in the 3= nontranslated region (3= NTR) of genomic RNAs (47) , so that in terms of probability, a recombination event created by a template switch of RNA replicase seems to be more likely than seven point changes that restored the original sequence of DLP. The effect of fragment duplication on local rearrangement of RNA structure, favoring the formation of a new hairpin loop that promotes translation initiation from a downstream in-frame AUG, emphasized the importance of RNA structure for eIF2-independent translation of alphavirus 26S mRNA and expanded at the same time the conformational possibilities to generate functional DLP structures in these and other viruses.
Finally, the results and the evolutionary scenario presented here could help to understand better the phylogenetic and epidemiological aspects of Alphavirus and other arboviruses, such as West Nile virus, Japanese encephalitis virus, or Dengue virus, where folding programs also predicted the existence of DLP-like structures (6) .
